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Bacterial cellulose is an important class of biomaterials which can be grown in well-controlled laboratory and
industrial conditions. The cellulose structure is affected by several biological, chemical and environmental
factors, including hydrodynamic flows in bacterial suspensions. Turbulent flows leading to random motion
of fluid elements may affect the structure of the extracellular polymeric matrix produced by bacteria. Here
we show that two-dimensional turbulence at the air-liquid interface generates chaotic rotation at a well-
defined scale and random persistent stretching of the fluid elements. This leads to a remarkable change in
the structure of the bacterial cellulose morphology and to the formation of spherical cellulose beads whose
size is controlled by the turbulence forcing scale. In addition, turbulence affects the cellulose microstructure,
including the porosity of the material, by random but persistent stretching of the fluid elements. The results
offer new approaches to engineering of the bacterial cellulose structure by controlling turbulence parameters.
I. INTRODUCTION
Bacterial biofilms represent the most abundant form of
life on Earth1. Microorganisms form extracellular poly-
meric matrices in a fluid environment, typically at the
liquid-air, liquid-liquid and liquid-solid interfaces. Some
of the biofilms, such as the bacterial cellulose (BC)2,3, are
valuable biomaterials with great industrial and medical
potential4–6. The BC is produced by various bacteria,
for example, by the genera Acetobacter, Acanthamoeba,
and Achromobacter, at the liquid-air interface in a vari-
ety of forms, such as cellulose sheets7, or spherical cellu-
lose beads (SCB)8. The SCB is a desired cellulose form
in many applications9–11. Spherical beads make perfect
delivery vehicles for many functional materials, such as
graphene, magnetic and conducting metal particles and
other chemical compounds which can be encapsulated
into BC spheres12,13.
An attractive feature of the BC is the possibility to
create cellulose with a desired fibre structure at both
macroscopic and nanoscopic scales in the process of the
material formation, rather than using post-production
treatment methods. Along with chemical and biological
processes which affect the biofilm development, hydro-
dynamic flows in bacterial suspensions are also capable
of shaping biofilms14. It has been recently demonstrated
that when suspensions of E. coli are perturbed by surface
waves, patterned biofilms at the liquid-solid interface are
developed15.
Surface waves can form ordered patterns, but they can
also lead to the generation of turbulent flows at the air-
liquid interfaces16–18. Such flows were shown to be very
similar to quasi-two-dimensional (2D) turbulence which
can be generated in laboratory19–21. Turbulence greatly
enhances particle dispersion22–24. Thus, it can signifi-
cantly affect the growth of the extracellular polymeric
matrix during the biofilm development and can change
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the resulting structure of the cellulose. Since the wave-
driven fluid motion decays in the bulk of the liquid25,26,
turbulent motion is the strongest in a relatively thin layer
(a fraction of the wavelength) near the liquid-air inter-
face. The BC produced at the air-liquid interfaces is
particularly suitable to test this idea. Since the microor-
ganisms forming the BC typically are not motile, flows
in bacterial suspensions should not be affected by the
motion of bacteria, as it occurs in suspensions of fast
swimming micro-swimmers which can generate turbu-
lence themselves27.
Turbulence is a strongly non-equilibrium state of a
flow characterised by broad kinetic energy spectra and
enhanced dispersion of fluid particles28. Finite-size par-
ticles in turbulence experience random walk while they
are also exposed to random torques causing rotational
diffusion29. At small scales, the rotational diffusion co-
efficient associated with the Brownian motion strongly
decays with the increase of the particle size d: Drot ∝
T/(µd3) (where µ and T are the fluid viscosity and its
temperature) and it is negligibly small in the millimetre
range of scales30. However, in 2D turbulence, the parti-
cle dispersion is governed by the scale comparable to the
agitation (forcing) scale31–33. Therefore, this scale may
affect the characteristic scale of the bacterial fibre struc-
ture. In addition, turbulent flows generate stretching of
the fluid elements which can also affect the formation of
the bacterial cellulose.
Here we study the BC development by Gluconaceto-
bacter xylinus34 at the liquid-air interface in a turbulent
quasi-2D flow. We show that turbulence indeed gener-
ates chaotic rotation in a fluid. The angular velocity of
turbulent rotation is the strongest at the scale just be-
low the forcing scale of turbulence, while above this scale
it decays exponentially. Such turbulent rotation leads
to a dramatic effect on the formation of the G. xylinus
BC near the liquid surface. While in non-perturbed liq-
uid, microorganisms form continuous sheets of the BC,
in turbulent flows they form spherical beads whose size
is proportional to the forcing scale of turbulence. Tur-
bulence also effects the microscopic structure of the BC,
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FIG. 1. (a) Schematic of the experimental setup. Bacterial suspensions of G. xylinus are placed inside temperature controlled
incubators 1 and 2. Incubator 1 houses control (non-vibrated) samples with a non-perturbed air-liquid interface (b). Samples
in the Incubator 2 are vertically vibrated at the prescribed frequency and acceleration. (c) The Faraday waves on the surface
of the suspension generate turbulent flows. (d) The bacterial cellulose is developed in the control incubator in the form of a
cellulose sheet. (e) In the suspension exposed to turbulence, cellulose develops in the form of spherical beads.
namely, the biofilm porosity due to chaotic stretching of
bacterial suspensions.
II. RESULTS
A. Bacterial cellulose formation in quasi-2D turbulence
Effects of turbulence on the formation of the BC are
studied in bacterial suspension of G. xylinus. Turbulence
is generated using parametrically excited waves (Faraday
waves) in vertically shaken containers (Fig. 1a and Meth-
ods). Here vertical acceleration is characterised by a su-
percriticality parameter α = (a−ath)/ath, where a is the
amplitude of the sinusoidal acceleration of the container
and ath is the threshold acceleration for the parametric
generation of the Faraday waves. Characteristics of the
surface flow generated by such waves closely resemble 2D
turbulence statistics generated using other methods, for
example electromagnetically driven turbulence in layers
of electrolytes16–21. By changing the vertical accelera-
tion of the container, one can control the kinetic energy
of turbulence, while the frequency of the vibration con-
trols the energy injection scale Lf (related to the Faraday
wavelength λ)17,18. Here the kinetic energy of the hor-
izontal fluid motion (per unit mass) is characterised by
the mean-squared fluctuating velocity at the fluid sur-
face,
〈
u2
〉
, which in these experiments is changed in the
range of
〈
u2
〉
= (0.5-20) ×10−4 m2 s−2. This energy
is proportional to the supercriticality parameter α (see
Methods), which ranges from 0.1 to 3 in these experi-
ments. The forcing scale of turbulence is varied between
2 and 5 mm which corresponds to the oscillation frequen-
cies of f = (45 − 150) Hz. Bacterial suspensions of G.
xylinus are exposed to turbulent flows for 72 hours (see
Methods).
We observe the formation of two forms of the bacterial
cellulose. Flat cellulose sheets, or pellicles, are formed at
the surface of the suspension in the control samples (no
vibration) and at lower turbulence energies, at α < 0.6,
Fig. 1d. When α (and the level of turbulent velocity fluc-
tuations) is increased, spherical beads of cellulose embed-
ded within the biofilm develop in the suspension, Fig. 1e.
The diameter of the spherical beads is reduced with the
reduction in the turbulence forcing scale (increase in the
vibration frequency). Figs. 2a,b illustrate SCBs formed
at the frequencies of f = 60 Hz and 120 Hz respectively
with a supercriticality of α = 1.5. The scanning elec-
tron microscopy (SEM) images illustrate the beads in
Fig. 2c,d. The probability density functions of the bead
sizes for these two cases are shown in Fig. 2e. Peaks of
the PDFs at db ≈ 0.95 mm (120 Hz) and db ≈ 1.3 mm
(60 Hz) correspond to the turbulence forcing scales of Lf
= 2.5 and 4.4 mm. In the next section we discuss how
the turbulence forcing scale can affect the bead size.
In addition to changing the macroscopic morphology of
the cellulose, turbulence also substantially modifies mi-
croscopic structure of the cellulose fibres. The fibre struc-
ture of the cellulose formed in the presence of turbulent
flows is rarefied, as seen in the SEM images of Figs. 3a-
d. The analysis of the planar SEM images shows that
the size and the area of the pores in cellulose, as well
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FIG. 2. Spherical cellulose beads formed in turbulent flows forced at the scale (a,c) Lf = 4.4 mm (fs = 60 Hz), and (b,d)
Lf = 2.5 mm (fs = 120 Hz). (c,d) Cellulose bead images using SEM. (e) Probability density functions of the bacterial cellulose
beads formed at different Lf .
as their probability distributions change in turbulent en-
vironment, Fig. 3e. In the samples formed in unper-
turbed bacterial suspensions (control samples), the PDF
of the pore diameters A decays exponentially as PDF(A)
∝ exp (−A/A1), where A1 ≈ 0.03 µm. In the sam-
ples formed in turbulence, these PDFs are much broader,
and the pore diameter distribution follows an exponen-
tial scaling, PDF(A) ∝ exp (−A/A2), where A2 ≈ 0.06
µm.
Changes in the microscopic structure of the BC are not
correlated with the forcing scale of turbulence: similar
PDFs of the pore size are observed in turbulence excited
at Lf = 5 mm (f = 45 Hz) and Lf = 2.2 mm (f = 150
Hz), Fig. 3e. The effect of turbulence on the fibre struc-
ture does not have a threshold in the turbulence intensity,
in contrast to the formation of the cellulose beads. The
microscopic structure in turbulence changes regardless of
its macroscopic shape, both in the flat sheets, and in the
spherical cellulose beads.
To understand the effects of turbulence on the cellulose
formation, we study two processes which can lead to (1)
the formation of spherical beads, and (2) the changes in
the microscopic structure of the cellulose fibres, namely
(1) turbulent rotation and (2) stretching of fluid elements
in turbulent flows.
B. Turbulent rotation and stretching in quasi-2D
turbulence
It is recognised that the BC formation in agitated or
shaken culture methods can lead to the production of
different particle sizes and various shapes (spherical, el-
lipsoidal, fibrous suspensions etc.)36. The relationship
between the flow conditions and the resulting shape of
the BC particles however is not established. The wave-
driven turbulence provides an opportunity to study the
BC development under well-controlled conditions since
the statistical characteristics of such flows can be accu-
rately characterised by a few key parameters: turbulence
forcing scale, and the turbulence kinetic energy which
is proportional to the supercriticality α (see above)31,33.
These parameters control the diffusive motion of fluid
particles at the liquid surface37–39. In addition to dis-
placement of particles in turbulence from their initial
position in a random-walk fashion, turbulent flows also
lead to random rotation of finite size objects due to the
generation of turbulent torque40. Such torque can lead
to bending of the BC fibres and to the changes in the
macroscopic structure of the cellulose. In quasi-2D tur-
bulence, it is expected that the rotation is small at the
scales smaller than the forcing scale since the flow con-
sists of coherent bundles of fluid particles39,41. However,
if a particle is exposed to the forces produced by several
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FIG. 3. Microscopic structure of the bacterial cellulose (SEM). (a,b) Cellulose structure of the control (non-shaken) samples.
(c,d) Structure of the cellulose formed in the turbulent bacterial suspension at the excitation frequency f = 45 Hz (Lf = 5
mm) and acceleration a = 0.5g (α = 0.6). (e) Probability density functions of the cellulose pore diameter A in control samples
(red circles) and in the samples vibrated at f = 45 Hz (blue squares) and f = 150 Hz (green diamonds) at the supercriticality
parameter α = 0.6. A green circle in (a) highlights a G. xylinus microorganism.
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FIG. 4. Turbulent rotation and angular displacement characteristics in 2D turbulence. (a) Kinetic energy spectra on the
surface of the liquid at two levels of the vertical acceleration α = 0.75 (green triangles) and α = 1.5 (blue circles). (b) Mean
squared angular displacement of the circular disks versus time: disk diameters dd = 3 mm (blue circles) and 8 mm (green
triangles). The forcing scale of turbulence is Lf = 4.4 mm, supercriticality α = 1.5. At short times, MSAD∝ t2, indicating the
ballistic regime. At longer times, MSAD= Dθt, indicating diffusive regime. (c) The rotational diffusion coefficients versus the
ratio dd/Lf of the disk diameter over turbulence forcing scale. These are measured at two levels of the supercriticality α = 0.75
(green triangles) and α = 1.5 (blue circles).
of such bundles, one can expect that turbulent torques
will lead to measurable fluctuations in the particle angu-
lar velocities. The rotational diffusivity in such flows has
not been studied before.
Similarly to random translation of particles, the rota-
tional diffusivity can be characterised by the mean square
angular displacement (MSAD) δθ2(t) =
∑t
0 |∆θ(t)|2,
where ∆θ(t) = θ(t + ∆t) − θ(t). The MSAD can be
tracked in time by following the orientational dynamics
of the disks floating on the surface of the liquid (pictured
in the inset of Fig. 4(b), see Methods). No mean ro-
tation is observed, as expected in an isotropic turbulent
flow. In wave-driven, quasi-2D turbulence, kinetic en-
ergy spectra are determined by the inverse energy cascade
range (Ek ∝ k−5/3 at k ≤ kf ) and the forward enstrophy
cascade (Ek ∝ k−3 at k ≥ kf )42. Figure 4a shows the
measured spectra in these experiments. The MSAD cor-
responding to these spectra show that turbulent rotation
of the disks is described by the ballistic rotation regime
at short times, and diffusive rotation at longer times, Fig.
4b:
〈δθ2〉 ≈ V 2θ t2, t Tθ (1)
〈δθ2〉 ≈ Dθt, t Tθ (2)
Here Tθ is the autocorrelation time of the angular velocity
Tθ = 1/〈ω˜2〉
∫∞
0
〈ω(t0+t)ω(t0)〉dt, where ω = dθ/dt is the
angular velocity of the disks, and 〈ω˜2〉 is its variance.
For the cellulose formation occurring on the time scales
of hours, we are interested in the long-time behaviour.
We measure the rotational diffusion coefficient Dθ at dif-
ferent ratios of the disk diameter dd to the forcing scale
Lf . This coefficient, shown in Fig. 4c, is peaked at
dd/Lf < 1 and it decays exponentially at larger dd/Lf .
This behaviour is also observed in a different type of
quasi-2D turbulence, which is driven electromagnetically.
The rate of diffusion is proportional to the turbulence ki-
netic energy: the increase in the variance of the turbulent
velocity fluctuations 〈u2〉 leads to the increase in Dθ, Fig.
4c. Such turbulent torques may lead to random bending
of the BC fibres resulting in the formation of the BC
beads whose size is correlated with the turbulence forc-
ing scale Lf .
To understand how turbulence can affect the micro-
scopic structure of the BC, we study the stretching of
the fluid parcels43,44. Two adjacent fluid particles remain
close to each other for a long time as they move within a
coherent bundle. Occasionally these bundles split leading
to the stretching of the fluid parcels. Extreme stretching
events have been found in numerical simulations of 3D
turbulence45–47. However turbulent stretching has not
been studied in 2D turbulence and it is not clear how
the probability of stretching events depends on the tur-
bulence parameters.
Stretching can be characterised by the relative sepa-
ration of a pair of initially adjacent particles at times
t0 and (t0 + τ): R(t0 + τ)/R(t0), (Fig. 5a). The
logarithm of stretching normalised by time τ gives the
value of the finite-time Lyapunov exponent Λ(t,x) =
(1/τ) ln[R(t0 + τ)/R(t0)] which characterises the rate
of local deformation of an infinitesimal fluid element48.
Here x is the initial position of the pair of particles.
Trajectories of the fluid particles are determined us-
ing simulated trajectories derived from experimentally
measured velocity fields (see Methods). The finite-time
Lyapunov exponent field Λ(τ,x) gives the spatial distri-
bution of the stretching rates for a particular integration
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FIG. 5. Turbulent stretching of fluid parcels. (a) Schematic of the fluid particle separation. (b) Finite-time Lyapunov
exponents Λ on the turbulent surface computed over time τ = 0.6TL. (c) Probability density functions of Λ/〈Λ〉 (where 〈Λ〉 is
the spatially averaged quantity) at three different vertical accelerations α =0.7, 1.5 and 2 and the frequency of f = 60 Hz. The
inset shows the PDFs of non-normalised Λ. (d) Spatially averaged value of the Lyapunov exponents versus the supercriticality
parameter α at different excitation frequencies: f = 30 Hz (blue diamonds), f = 45 Hz (red triangles), and f = 60 Hz (green
circles).
time τ . Of a particular interest here, is the probability
of strong stretching events occurring on the time scale
comparable to the Lagrangian velocity correlation time
TL = 1/〈u˜2〉
∫∞
0
〈u(t0 + t)u(t0)〉dt, where u is the fluid
velocity along the Lagrangian trajectory, 〈u˜2〉 is its vari-
ance, and the angular brackets denote the ensemble av-
eraging. Such short-time Lyapunov exponents have not
been studied in 2D turbulence before.
Figure 5b shows a snapshot of the stretching field com-
puted for τ = 0.6TL. The ridges of high values of Λ con-
stantly move and reconnect (see Supplementary Video
1), such that over time, all points on the liquid surface
experience many stretching events. The probability den-
sity functions of Λ are illustrated in the inset of Fig.
5c for three values of vertical accelerations which cor-
respond to the supercriticality parameter α from 0.7 to
2. However, if Λ is normalised by its spatially averaged
value 〈Λ〉, the PDFs measured at different energies col-
lapse onto a single function, Fig. 5c. The PDF of the
Lyapunov exponent can be fitted with a Weibull distri-
bution, f(x) = (k/β)(x/β)(k−1)e−(x/β)
k
, where k = 1.35
is the shape parameter and β = 1.3 is the scale param-
eter. The Weibull distribution is related to a number of
other probability distributions, in particular, it interpo-
lates between the exponential distribution (k = 1) and
the Rayleigh distribution (k = 2).
The collapse of the PDFs of the average-normalised
finite-time Lyapunov exponents to this universal form
is due to the fact that the spatially averaged Lyapunov
exponents 〈Λ〉 increase approximately linearly with the
increase in the supercriticality α of the wave-driven tur-
bulence, Fig. 5d. This trend is independent of the turbu-
lence forcing scale (vibration frequency), and correlates
with the insensitivity of the PDF of the cellulose pore
area to the forcing scale (Fig. 3e).
III. DISCUSSION AND CONCLUSIONS
Turbulence generated by parametrically excited waves
in vertically shaken containers (Faraday waves) affects
the formation of bacterial cellulose by Gluconacetobacter
7xylinus microorganisms. Changes in the millimetre-range
morphology of the biofilm are found in the samples ex-
posed to quasi-2D turbulence: above some threshold tur-
bulence energy corresponding to the supercriticality pa-
rameter of α = 1.5 we observe the formation of spherical
cellulose beads (Fig. 1). The size of the beads changes
with the change in the turbulence forcing scale, Lf , deter-
mined by the frequency of the Faraday waves. The higher
the frequency, the smaller the beads (Fig.2). It is hypoth-
esised that the turbulence-induced torque manifested as
chaotic rotation of fluid elements, leads to the bending
of the cellulose fibres. Such a rotation is studied by
analysing the rotation of the circular disks at the liquid
surface. It is found that the maximum in the rotational
diffusion coefficient corresponds to the ratio of the disk
diameter over the forcing scale of dd/Lf ≈ 0.7. For larger
disks (or smaller Lf ), Dθ decreases exponentially. The
characteristic size of the cellulose beads db normalised by
Lf is in the range db/Lf = 0.3− 0.4, Fig. 2e. Turbulent
rotation results from the interaction between meandering
coherent bundles of fluid particles31,39,41 whose widths is
about Lf , therefore the fibre clusters whose size is much
less than Lf do not experience strong torque. Thus it
seems reasonable that the formation of the beads occurs
on the scales of the order of Lf .
The microscopic structure of the cellulose is also af-
fected by turbulence: cellulose exposed to turbulent flows
is rarified in comparison with the control samples, Fig.
3. We attribute this effect to the stretching of fluid el-
ements by turbulence. Stretching is evaluated by mea-
suring turbulent velocity fluctuations and by computing
trajectories of the fluid particles. The separation of ini-
tially close particles is characterised by the finite-time
Lyapunov exponents Λ. Spatially averaged 〈Λ〉monoton-
ically increases with the increase in the supercriticality α
(Fig. 5d), while the probability density functions show
exponential tails at larger stretching events (Fig. 5c).
The mean stretching rate also appears to be indepen-
dent on the forcing scale of turbulence. This behaviour
correlates with exponential distribution of pore size in
bacterial cellulose (Fig. 3e), which is also insensitive to
the the turbulence forcing scale. Thus turbulent stretch-
ing is found to be a plausible mechanism responsible for
the modification of the BC microstructure at small scales.
Summarising, we investigate two fundamental pro-
cesses in wave-driven turbulence, turbulent rotation and
stretching. It is shown that turbulence can be used as a
tool to produce biofilms with remarkably different macro-
and microscopic structures. The results offer new meth-
ods which allow to engineer bacterial cellulose properties
(e.g. porosity, water holding capacity, etc.) by employing
well-controlled wave-driven turbulence.
IV. METHODS
Turbulent flow generation
Faraday waves are generated on the surface of a liq-
uid which is vertically vibrated at the frequency fs
with sinusoidal acceleration a above a parametric ex-
citation threshold (ath)
35, at a supercriticality param-
eter α = (a − ath)/ath ≥ 1. The flow generated on
the surface at high α exactly reproduces the statistics
of 2D turbulence16,17,32. In the experiments, turbu-
lence kinetic energy is proportional to the supercriticality
parameter33. The kinetic energy spectrum has a form
Ek = C
2/3k−5/3 in the inverse energy cascade range.
The energy injection rate (equal to the dissipation rate)
 = (E(k)/C)3/2k5/3 where C = 6 is the Kolmogorov
constant and it increases with the increase in α as  ∼ α3.
The forcing scale of the flow is half the wavelength of
the Faraday waves, Lf = 1/2λ. The experiments are
conducted at fs = (30 − 150) Hz, α = (0.1 − 2), and
Lf = (2− 13) mm.
Floating disks of various sizes dd (normalised size
dd/Lf ranging from 0.4 to 7) are used to study the ro-
tational torque in the flow. A white stripe is marked on
each disk to track its orientation θ (θ ∈ [−90◦,+90◦]) .
The angular velocities Vθ are calculated based on the an-
gular displacements between two adjacent image frames
and averaged over three points in time. The statistics of
the disk rotation is captured along the disk trajectories
in turbulence. To minimise the disturbance to the flow,
only one disk on the surface is used in each measure-
ment. More than 600 independent realisations (movies)
are recorded in every experiment to achieve statistical
convergence.
The velocity field is measured using a particle image
velocimetry technique. To determine the FTLE field
from the measured velocity fields, we simulate the par-
ticle trajectories by integrating the velocity field from
t = t0 and determine how much initially adjacent par-
ticles are separated during the finite integration time τ
using a 4th order Runge-Kutta integration method. The
FTLE field gives the spatial distribution of the stretch-
ing rate within a flow for the integration time τ . The
mean FTLE is obtained by spatially averaging over the
fluid surface characterizing the mean stretching rate of
the fluid parcels.
Bacterial culture
The culture media of G. xylinux (ATCC 700178) is
prepared by adding 20 g of glucose, 5 g of peptone, 5 g of
yeast extract, 2.7 g of Na2HPO4 and 1.5g of citric acid
in 1.0L of distilled water.
72 hour culture. To prepare the 72 hour culture, one
100 µl frozen stock (stored in −80◦C) is transferred into
a 1.5 mL Eppendorf tube and centrifuged at 12,000 rpm
for 5 minutes to remove Dimethyl sulfoxide (used for the
frozen stock). The pellet is collected and resuspended in
5mL of fresh media, incubated for 72 hours at 26◦C in a
stationary condition.
To collect the bacteria from the 72 hour culture, we
grind the cellulose formed at the 72 hour culture and col-
lect the solution. The culture solution is also centrifuged
at 12,000 rpm for 5 minutes to form the pellet. The pellet
is then resuspending in 1 mL fresh media.
8Cellulose formation in turbulent flows. Six-well mi-
croplates containing 8 ml of culture media are inoculated
with 20 µl of 72 hour culture solution of G. xylinux as de-
scribed above. The microplates are vibrated for 72 hours
at 26◦C. The control samples are incubated for 72 hours
in a non-vibrated incubator. The layer thickness of the
culture media is kept at h = 8 mm in all the experiments.
Harvested bacterial cellulose is immersed in ethanol.
Subsequently it is transferred to 0.1 M NaOH and boiled
for 40 min at 90 ◦C. It is then neutralised in deionised
water for 24 hours.
Sample preparation for SEM. The fibrous structure of
the cellulose is fixed using chemical fixative glutaralde-
hyde. The samples are washed in deionised water to re-
move fixatives, then dehydrated using critical-point dry-
ing. After that, samples are mounted on the studs and
sputter-coated with a thin layer of evaporated gold for
the SEM analysis.
The software imageJ (particle analysis) is used to anal-
ysis the fibre structure, such as the pore area, pore di-
ameter, and the pore size distribution.
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